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Coherent photon-emitter interfaces offer a way to mediate efficient nonlinear photon-photon in-
teractions, much needed for quantum-information processing. Here we experimentally study the
case of a two-level emitter, a quantum dot, coupled to a single optical mode in a nanophotonic
waveguide. We carry out few-photon transport experiments and record the statistics of the light
to reconstruct the scattering matrix elements of 1- and 2-photon components. This provides direct
insight to the complex nonlinear photon interaction that contains rich many-body physics.
An efficient and reliable photon-photon nonlinearity is
a key building block for photonic quantum-information
processing. One approach exploits post-selection after
photon interference, however this approach is resource
demanding in requiring many auxiliary photons [1]. An
alternative and potentially more appealing strategy is to
exploit an efficiently interfaced quantum emitter to intro-
duce a direct photon-photon interaction [2, 3]. This ap-
proach requires highly efficient and coherent light-matter
interaction in order to be sensitive to single quanta of
light. It has been a long lasting challenge in quantum
optics, and various strategies have been pursued using,
e.g., Rydberg blockade interaction in atomic ensembles
[4, 5], single emitters in high finesse optical cavities[6, 7],
and even superconducting stripline resonators [8–10].
Recently, very significant progress has been achieved
in photonic waveguides including hollow fibers [11] or
nanofibers coupled to atomics ensembles [12], or with sin-
gle atoms [13] and single solid-state emitters [14–18]. In
particular, solid-state quantum dots (QDs) in nanopho-
tonics structures constitutes a mature platform where
scalable coherent single-photon sources [19, 20] have been
developed; an enabling device for quantum-information
processing [21].
QDs coupled to photonic-crystal waveguides provide
a sophisticated platform to study few-photon interac-
tions and quantum nonlinear optics [2, 22]. These de-
vices can exhibit near-unity light-matter coupling effi-
ciency (β ≥ 0.98 [23]) and nonlinear interaction that is
sensitive at the level of single photons [14, 16]. Moreover,
near transform-limited emission lines have been demon-
strated with QDs [24] and recently also in photonic-
crystal waveguides [25]. The combination of unity cou-
pling efficiency and vanishing dephasing enables the de-
terministic scattering of few photons by a QD operating
as a two-level emitter (TLE). The study of such scat-
tering problems is a blooming area in quantum nonlin-
ear optics [26, 27]. For the theoretical description, a
range of new theoretical methods have been developed
using the Bethe ansatz [28, 29], input-output theory [30–
33], Lippmann-Schwinger formalism [34–36], wavefunc-
tion ansatz [37], diagrammatic methods [38, 39], path
integrals [40], and polaron ansatz [41, 42]. Determinis-
tic photon scattering processes have important applica-
tions for the realization of efficient photon sorting and
deterministic Bell-state analyzers [43, 44], and can in-
duce intricate many-body phenomena including strong
photon correlations and complex photon bound states
[28, 29, 45, 46]. Despite this extensive theoretical work,
it remains an open problem to isolate and characterize
photon-photon interactions in the laboratory, and to de-
velop and implement few- or multi-photon tomographic
reconstruction techniques [47] beyond the single-photon
regime.
This work presents the experimental reconstruction
of the few-photon scattering processes of a QD in a
photonic-crystal waveguide. While the coherent scat-
tering of single photons from a TLE is simple – the
photons are either elastically reflected or transmitted,
cf. Fig. 1(a) [48] – the two-photon scattering processes
are much more complex. In this case, different combina-
tions of photon reflections and transmissions are possible,
as shown in Fig. 1(b). Furthermore, the scattered pho-
tons become highly correlated from the interaction with
the TLE [29]. We unravel these scattering processes by
recording the photon statistics of the transmission and
reflection outputs of a QD-waveguide system in a con-
tinuous wave (cw) regime [cf. Fig. 1(c)]. Even in cw
operation, photon-photon interactions can be extracted
from photon-correlation measurements, despite the low
probability that incoming photons overlap in time. Our
method extends a previous theoretical proposal of recon-
structing multi-photon scattering properties [47], where
the extension to photo-correlation measurements makes
it insensitive to any experimental off-chip coupling and
detection inefficiencies.
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2FIG. 1. (a,b) Illustration of single- and two-photon scatter-
ing processes for a TLE in a waveguide. In the former case,
either elastic reflection or transmission may occur. In the
latter case, the two photon may exchange energy via the in-
teraction with the TLE leading to different scattering pro-
cesses. (c) Experimental setup to extract the few-photon
scattering matrices of the system from intensity It and photo-
correlation measurements g
(2)
tt , g
(2)
rr , and g
(2)
tr between differ-
ent scattering channels. The quantum dot (QD) is embed-
ded in a photonic crystal waveguide (PhCW), and excited by
a continuous-wave laser source. Beam-splitters (BS), single-
photon detectors (SPD), and an electronic time tagger are
used to record second-order photon-correlation functions.
In the present experiment we study one- and two-
photon scattering processes. Consider first for simplicity
the ideal case of a fully coherent TLE (i.e. no dephas-
ing) that is symmetrically coupled to a waveguide (i.e. no
chiral coupling [49, 50]) with a coupling efficiency of β.
Here, an incoming two-photon wavepacket may scatter
from this system resulting in either transmission of both
photons, reflection of both photons, or the transmission
and reflection of a single photon, see Fig. 1(b). Fur-
thermore, residual weak leakage out of the waveguide is
present in the case of β < 1.
The output state |Ψ(2)out〉 is given by a superposition of
the processes [30]
|Ψ(2)out〉 =
∑
λ,λ′=t,r
∫∫
dω1dω2
1√
2
fω¯(ω1)fω¯(ω2) (1)
×
∫∫
dν1dν2
{
χλω1χ
λ′
ω2δ(ν2 − ω2)δ(ν1 − ω1)
+
1
2
Tν1ν2ω1ω2δ(ν1 + ν2 − ω1 − ω2)
}
|1λν1〉|1λ
′
ν2〉,
i.e. a combination of single-photon Fock states
∣∣1λω〉 with
frequency ω, which are either transmitted (λ = t) or re-
flected (λ = r). The incoming photon wavepacket fω¯(ω)
is centered around ω¯, and reduces to a Dirac delta func-
tion in the cw case that we consider below.
The output state of Eq. (1) separates into uncorre-
lated and correlated scattering terms. In the uncorre-
lated case, photons scatter independently from the TLE,
corresponding to a linear optics device. The energy of
each photon is individually conserved, and the process is
described by the transmission and reflection coefficients
χtω := tω = 1 + rω, χ
r
ω := rω =
−β
1− iδ(ω) . (2)
Here, the waveguide coupling efficiency β = γwg/γtot de-
pends on the coupling rate γwg into the waveguide and
the residual coupling loss γl that enters in the total rate
γtot = γwg + γl. Furthermore, δ(ω) = 2 (ω − ω0) /γtot
is the dimensionless detuning from the TLE transition
frequency ω0.
The correlated scattering matrix Tν1ν2ω1ω2 describes
two incoming photons ω1, ω2 that interact with the TLE,
acquire a nonlinear phase shift and possibly exchange en-
ergy, thereby becoming outgoing photons with frequen-
cies ν1, ν2 that satisfy energy conservation ω1 + ω2 =
ν1 + ν2. For a TLE in a conventional waveguide [30]
Tν1ν2ω2ω1 =
4
piβγtot
rν1rν2rω1rω2
r(ω1+ω2)/2
. (3)
This scattering matrix fully characterizes two-photon
interactions including the spectral entanglement and
photon-bound states induced by the TLE [28, 29]. The
main objective in this work is to extract this information
from experimental data, as described below. The analy-
sis is generalized in the Supplemental Material (SM [51])
to include experimental imperfections including pure de-
phasing of the QD transition and weak Fano resonance
effects.
Following the main idea of Ref. 47, we illuminate the
TLE with an attenuated coherent state |α〉 of low photon
flux |α|2  γtot through one input of the waveguide.
Light scatters from the TLE, creating a superposition of
vacuum |0〉 and scattering states corresponding to one
|Ψ(1)out〉, two |Ψ(2)out〉 [cf. Eq. (1)] or more photons
|Ψ(α)out〉 = |0〉+ α|Ψ(1)out〉+
α2√
2
|Ψ(2)out〉+O(α3). (4)
3The two-photon processes can be recorded in second-
order correlation measurements g
(2)
λλ′ between different
output directions λ, λ′ = t, r [cf. Fig. 1(c)]. We find that
[51, 52]
g
(2)
λλ′(τ) =
|χλωχλ
′
ω + T (ω, τ)|2
|χλωχλ′ω |2
+O (|α|2/γtot) . (5)
Here, τ is the time delay between the two-photon detec-
tion, ω the laser frequency, and T (ω, τ) is the Fourier
transformed two-photon scattering coefficient defined as
T (ω, τ) = 1
2
∫
d∆e−i∆τTω−∆,ω+∆,ω,ω. (6)
The isotropy of the photon-photon interaction allows us
to reconstruct experimentally the real part of this Fourier
transform as [51, 52],
Re[T (ω, τ)] = g(2)tt
|tω|4
2
+ g(2)rr
|rω|4
2
− g(2)tr |tω|2|rω|2. (7)
We note that the protocol requires correlation measure-
ments in all directions g
(2)
tt , g
(2)
rr , and g
(2)
tr , as well as the
single-photon coefficients tω and rω. From the real part
of T we infer the imaginary part using the Kramers-
Kronig (KK) relation [51]. Finally, an inverse Fourier
transform, Tω−∆,ω+∆,ω,ω = 1pi
∫
dτei∆τT (ω, τ), provides
the two-photon scattering matrix.
Remarkably, a measurement of the transmitted inten-
sity It(ω) suffices to extract the single-photon scattering
amplitudes tω and rω. Specifically, for a weak monochro-
matic coherent input [32, 51]
It(ω) = β − 1 + (2− β)Re[tω] +O(|α|2/γtot). (8)
From this we can infer the real part of tω, even in the
presence of correlated dephasing noise. Using the KK
relation, we compute the imaginary part, obtaining both
tω and rω = tω − 1.
We now turn to the experimental demonstration of
the few-photon scattering reconstruction. We apply it to
a self-assembled InGaAs QD embedded in a suspended
photonic-crystal waveguide. A p-i-n diode heterostruc-
ture enables electrical contacting of the sample in order
stabilize the charge environment and tune the QD. Fur-
ther details of the sample wafer can be found in Ref. 53.
The sample is kept at T=1.6K and a weak tunable
cw laser (linewidth ≤ 10 kHz) is launched through the
waveguide via high-efficiency grating couplers [51, 54].
Finally, the output photons are sent to superconduct-
ing nanowire single-photon detectors, with quantum effi-
ciency ≥ 0.9 and time-jitter below 100 ps, to record the
frequency-dependent intensity and second-order photon
correlation functions.
Figure 2(a) shows the transmitted intensity It(ω) when
scanning through the QD resonance for weak excitation
(on average less than 0.1 photons per QD lifetime to meet
FIG. 2. (a) Measured (light blue) and fitted (dark blue) trans-
mission intensity It(ω) as a function of the detuning of the
excitation laser from the QD resonance. Inset: Time resolved
dynamics of the QD and exponential fit to characterize the ra-
diative decay rate. (b) Measured (light blue) and fitted (dark
blue) second-order correlation function g
(2)
tt (τ) in transmis-
sion obtained on resonance with the QD (ω ≈ ω0) and as a
function of time delay τ .
the condition |α|2  γtot). The very significant extinc-
tion above 85% is a direct testimony of the highly effi-
cient and coherent photon-emitter interaction. The non-
Lorentzian and asymetric lineshape originates from Fano
resonance effects due to weak reflections at the ends of
the waveguide [14, 17]. We record a transition linewidth
of ≈ 1.6GHz and for comparison the spontaneous emis-
sion decay rate is measured to be γtot = γwg + γl =
7.65±0.08ns−1 [cf. inset of Fig. 2(a)]. This corresponds to
a transform-limited linewidth of 1.22GHz meaning that
additional broadenings due to phonons and slow spec-
tral diffusion are of minor importance. A full study of
the statistics of QD linewidths in photonic-crystal waveg-
uides is published elsewhere [25].
Figure 2(b) shows the second-order correlation func-
tion g
(2)
tt (τ), measured in transmission, as a function of
time delay τ , and for the same excitation conditions. It
displays a pronounced bunching of g
(2)
tt (0) ' 6, which
is significantly higher than in previously reported QD-
waveguide experiments [14, 16, 17] due to the low-noise
photonic devices used here. The large bunching demon-
strates that the incoming Poissonian photon distribu-
tion is significantly altered by the interaction with the
QD, and is the experimental signature of the correlated
photon-photon interaction studied in the present work.
In order to implement the two-photon reconstruction
protocol, the essential governing parameters of the sys-
4FIG. 3. (a)Experimentally reconstructed (solid line) mod-
ulus and phase of the reconstructed complex single-photon
transmission (blue) and reflection (red) coefficients and com-
parison to theory (dashed line). (b) Experimentally acquired
second-order correlation functions for the three different con-
figurations: g
(2)
tt (blue), g
(2)
rr (τ) (red), and g
(2)
rt (τ) (green). The
measurements are well fitted by the theoretical model includ-
ing imperfections (dashed lines).
tem must be determined first. To do so, we additionally
measure the transmission intensities It(ω) at various ex-
citation powers, as well as photon-correlations in all di-
rections g
(2)
tt (τ), g
(2)
rr (τ), and g
(2)
tr (τ). By modelling this
entire data set, we arrive at a descriptive parameter set
of β = 0.86 [0.79, 0.93] and γd ' 0 [0, 0.3] ns−1, consistent
with results from the literature [17, 23]. In the analysis,
we also include the finite detector response time, residual
spectral diffusion of the QD, background emission stem-
ming from imperfect laser extinction or blinking of the
QD state, and minor Fano resonance effects, as explained
in detail in the SM [51]. This multi-parameter analysis
leads to sizeable uncertainties in the estimated parame-
ters (cf. the confidence intervals stated above), however
importantly the reconstruction protocol is found to be
robust with respect to minor parameter variations.
As a first step of the protocol, we use Eq. (8) and the
KK relation (with modifications due to the experimental
imperfections, see SM [51]) to extract the single-photon
transmission and reflection coefficients from the inten-
sity data It(ω). We plot the experimental amplitude and
phase of both tω and rω in Fig. 3, and observe excellent
agreement with theory for the experimentally determined
parameters. The asymmetry of the resonances, a minor
frequency shift, and the non-zero phase shift away from
FIG. 4. (a) Real part of the two-photon correlated coefficient
Re[T ] reconstructed from experimental data (blue curve) and
comparison to theory (black curve). (b) Theoretical predic-
tion of the real (light blue) and imaginary (light pink) parts
of T in the absence of external experimental imperfections.
the resonance are due to the Fano effect originating from
weak reflections and the terminations of the waveguide,
cf. SM for details [51]. We record an experimental maxi-
mal single-photon phase shift of ≈ 150◦ for the reflection
and ≈ −40◦ for the transmission.
We are now in a position to extract the real part of the
intrinsic two-photon scattering coefficient T (ω, τ) based
on Eq. (7) and the photo-correlation measurements in all
directions g
(2)
tt (τ), g
(2)
rr (τ), and g
(2)
tr (τ). Special care was
taken to suppress residual stray scattering from the exci-
tation laser for the measurements in reflection to improve
the signal-to-noise ratio. The excitation power was a fac-
tor of ≈ 3 higher than in Fig. 2(b). The data are plotted
in Fig. 3(b), displaying bunching in g
(2)
tt (τ), g
(2)
rt (τ), and
anti-bunching in g
(2)
rr (τ). We find excellent agreement
between experiment and theory using the system param-
eters and the modeling of imperfections discussed above,
cf. SM [51] for details. The main experimental challenge
is to further improve the electrical noise performance of
the devices so that spectral diffusion can be fully sup-
pressed. Progress on this direction has been very recently
obtained [25]. Alternatively, a feedback loop could be
implemented to adjust for the slow frequency drift [55].
When fully correcting for these effects, we predict an en-
hancement by two orders of magnitude in the bunching
of g
(2)
tt and g
(2)
tr (cf. SM [51]), showing the capabilities of
the highly coherent light-matter interface.
The experimental reconstruction of the real part of
5the intrinsic two-photon correlations T is shown in
Fig. 4(a). This is obtained by processing the data
of g
(2)
λλ′(τ) and χ
λ
ω and using Eq. (7). The recon-
structed lineshape and depth is found to be in accordance
with the theoretical prediction for a TLE, T (ω, τ) =
−r2ωe−|τ |γtot[1−iδ(ω)]/2, when including all the discussed
imperfections, cf. SM [51]. This is to our knowledge the
first experimental reconstruction of the two-photon non-
linear response. Figure 4(b) displays real and imaginary
parts of T (ω, τ) in the case where all external imperfec-
tions are not included in the theory, in a similar fashion
as described for the second-order correlation functions.
This analysis pinpoints the genuine strength of corre-
lated two-photon response of the QD-waveguide system,
and can be extended further to extract the full matrix
in Eq. (3) straightforwardly by scanning the input laser
frequency ω.
We have presented measurements of the one- and two-
photon components of the scattering matrix of a single
QD in a photonic-crystal waveguide excited by a weak
light source. The applied method relies on intensity and
second-order photon correlation measurements making
it well suited for current experimental settings and de-
vices. Specifically, we have presented the first experi-
mental reconstruction of the intrinsic two-photon scat-
tering correlations that are induced by the appearance
of the two-photon bound state [28, 29]. This type of re-
construction technique will enable further developments
within quantum nonlinear optics, where a thorough un-
derstanding of the nonlinear response is required in po-
tential applications. For instance, it has been shown
that the two-photon scattering processes, if properly con-
trolled via the incoming photon pulse lengths, can be
the basis of deterministic photon sorting, which enables
the construction of deterministic Bell analyzers and pho-
tonic gates [43, 44]. Furthermore, the presence of exotic
photon bound states provides a route to study complex
many-body quantum physics [29, 46]. We expect that
the reconstruction protocol will be essential in determin-
ing the real opportunities for actual quantum hardware
being susceptible to experimental imperfections.
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• I.—Realistic modeling of the experimental setup
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• II.—Derivation of few-photon scattering matrices
and reconstruction relations.
I.- REALISTIC MODELING OF THE
EXPERIMENTAL SETUP AND
MEASUREMENTS
In this section we provide the theory to describe the
scattering experiment of a quantum dot (QD) driven with
a monochromatic continuous wave drive and coupled to a
photonic crystal waveguide (PhCW), including the effect
of various experimental imperfections.
In Sec. I.A, we state the quantum Langevin equations,
input-output relations, and master equation describing
our system in the presence of a Fano resonance and white
noise dephasing. In Sec. I.B and Sec. I.C, we give for-
mulas to calculate the intensity Iλ(t) and second-order
correlations functions g
(2)
λλ′(τ) predicted by the model. In
Sec. I.D, we show how to include imperfections from spec-
tral diffusion, finite instrument response time, and back-
ground noise. In Sec. I.E, we extract the experimental
parameters of the setup by fitting the full model to the
experimental data from intensity and second-order corre-
lation measurements. Finally, in Sec. I.F, we give details
on the PhCW and the laser setup used in our experi-
ments.
I.A.- Dynamics of the system including radiative
loss, dephasing, and Fano resonance
We model the QD as a two-level emitter (TLE). The
quantum Langevin equations [SM1] describing the dy-
namics of the TLE in the presence of a Fano resonance
and white noise pure dephasing have been previously
studied [SM2, SM3], and can be written in a rotating
frame with input laser frequency ω as
dσ−
dt
= −
(γtot
2
+ γd − i[ω − ω0]
)
σ− + iσz
√
γlbin(t)
+ iσz
∑
λ=t,r
√
βγtot
2
aµin(t)− i
√
2γdΘ(t)σ
−, (9)
dσz
dt
= − γtot(σz + 1)− 2i√γl(σ+bin(t)− h.c.)
− 2i
∑
λ=t,r
√
βγtot
2
(
σ+aλin(t)− h.c.
)
. (10)
Here, σ−(t), σ+(t), and σz(t) = 2σ+σ−− 1 are the stan-
dard lowering, increasing, and population difference op-
erators of the TLE. In addition, β = γwg/γtot is the
coupling efficiency, with γwg the decay into the waveg-
uide, γtot = γwg +γl the total radiative decay, and γl the
unwanted loss into other modes. The dephasing rate is
denoted by γd and Θ(t) is the classical stochastic field
causing the dephasing noise, which is delta correlated for
white noise, i.e. 〈〈Θ(t)Θ(t′)〉〉 = δ(t − t′) [SM2]. The in-
put noise operator for photons going to the loss channels
is denoted by bin(t). Most importantly for our scattering
experiments, aλin(t) describes photons entering the waveg-
uide through the port λ = t, r, and these are related to
the output field operators by the input-output relations
[SM2, SM3],
aλout(t) =
∑
λ′=t,r
Λλλ′a
λ′
in (t)− i
z2
|z|2
√
βγtot
2
σ−(t). (11)
Here, the coefficients Λλλ′ = δλλ′ + z − 1, and
z =
1
1 + iξ
, (12)
characterize the internal reflections due to the Fano res-
onance. These reflections can be modeled by coupling
the QD (the ”discrete state”) to a lossy and off-resonant
parasitic cavity mode (the ”continuum of states”), which
can be adiabatically eliminated [SM2, SM3], obtaining
ξ = δc/κ with κ the cavity decay rate and δc the cavity
detuning with respect to the QD. ξ will in the following
be approximated to be constant over the small frequency
range considered around the QD resonance.
8In the scattering experiment, we drive the TLE with
a monochromatic coherent state |α〉t through the trans-
mission port of the waveguide, and therefore the total
initial state of the system |Ψin〉 reads
|Ψin〉 = |α〉t|0〉r|0〉l|ΨTLE〉, (13)
where |0〉r and |0〉l are photonic vacuum state in the
reflection port and loss channels, respectively, whereas
|ΨTLE〉 is a generic initial state of the TLE.
When numerically calculating measurable expectation
values and correlations functions with the present model,
it will be more convenient to use a master equation for-
malism for the TLE dynamics, and then connect to the
photonic operators via the input-output relations (11).
Indeed, the master equation that is equivalent to the
quantum Langevin equations (9)-(10) reads
ρ˙ = −i[H, ρ] + γtotD[σ−]ρ+ 2γdD[σ+σ−]ρ, (14)
where ρ(t) is the mixed state of the TLE, and D[x]ρ =
xρx† − (x†xρ − ρx†x)/2 the Lindblad operator [SM1].
In addition, the Hamiltonian H of the driven TLE is
given by H = −(ω − ω0)σ+σ− + iΩ(σ+ − σ−), with Ω =
−iα√βγtot/2, the effective coherent driving strength on
the TLE and α = 〈atin〉 the coherent state amplitude.
I.B.- Intensity measurements
In the experiment, we measure the intensity of light
Iλ(ω) by recording the counts of a single-photon detector
(SPD) at each output port of the waveguide λ = t, r.
Theoretically, these measurements are described by
Iλ =
〈aλout†(t)aλout(t)〉ss
|α|2|z|2 , (15)
where the normalization by |z|2 and the input photon
flux |α|2 is chosen so that the intensity at transmission
becomes unity (It(ω)→ 1) off resonance (|ω−ω0| → ∞).
To relate the photon intensity (15) to expectation val-
ues of the TLE, we use the input-output relation (11) and
take expectation values on the input state (13), obtaining
Iλ =
|Λλt|2
|z|2 +
βγtot
|z|2 Re
[(
β
2
− z
2
|z|2 Λ
∗
λt
) 〈σ−〉ss
Ω
]
. (16)
Here, 〈σ−〉ss is the coherence of the TLE at steady state
(t → ∞), which is calculated from steady state solution
ρss of the master equation (14) as 〈σ−〉ss = Tr{σ−ρss}.
When fitting the intensity measurements to our model
(cf. Sec I.E), we numerically calculate the expression
(16) as a function of the laser frequency ω and driv-
ing intensity Ω, and then we average the result over
the remaining noise sources treated in Sec. I.D. Notice
that to derive Eq. (16), we have used the properties
aλin(t)|Ψin〉 = αδλt|Ψin〉 and 〈σ+σ−〉ss = 2Re[ Ω
∗
γtot
〈σ−〉ss],
obtained by formally integrating Eq. (10) [SM2].
I.C.- Second-order photo-correlation measurements
The key requirement to perform the two-photon scat-
tering reconstruction is the ability to measure second-
order correlation functions g
(2)
λλ′(τ), at all combination of
output ports λ, λ′ = t, r, and with a time delay τ between
the clicks of two SPDs.
In terms of the output photon operators at channels
λ, λ′ = t, r, these g(2)λλ′(τ) correlations read
g
(2)
λλ′(τ) =
G
(2)
λλ′(τ)
IλIλ′
, (17)
where Iλ are the intensities in Eq. (16), and G
(2)
λλ′(τ) are
the unnormalized two-photon correlation function given
by
G
(2)
λλ′(τ) =
〈aλout†(t)aλ
′
out
†(t+ τ)aλ
′
out(t+ τ)a
λ
out(t)〉ss
|α|2|z|4 .
(18)
Analogously to Iλ(ω) in Sec. I.B, the two-photon corre-
lationsG
(2)
λλ′(τ) can be related to the TLE steady state ex-
pectation values and correlations using the input-output
relations (11), and the properties aλin(t)|Ψin〉 = αδλt|Ψin〉,
and [σ−(t), aλin(t
′)] = [σ+(t), aλin(t
′)] = 0, t ≥ t′, obtain-
ing
G
(2)
λλ′(τ) =
|Λλt|2|Λλ′t|2
|z|4 (19)
−βγtot|z|4 Re
[(|Λλt|2Λ∗λ′t + |Λλ′t|2Λ∗λt) z2|z|2 〈σ−〉ssΩ
]
+
β2γ2tot
4|z|4
(|Λλt|2 + |Λλ′t|2) 〈σ+σ−〉ss|Ω|2
+
β2γ2tot
2|z|4 Re
[
Λ∗λtΛ
∗
λ′t
z4
|z|4
〈σ−(t+ τ)σ−(t)〉ss
Ω2
]
+
β2γ2tot
2|z|4 Re
[
Λ∗λtΛλ′t
〈σ+(t+ τ)σ−(t)〉ss
|Ω|2
]
−β
3γ3tot
4|z|4 Re
[
Λ∗λ′t
z2
|z|2
〈σ+(t)σ−(t+ τ)σ−(t)〉ss
Ω|Ω|2
]
−β
3γ3tot
4|z|4 Re
[
Λ∗λt
z2
|z|2
〈σ+(t+ τ)σ−(t+ τ)σ−(t)〉ss
Ω|Ω|2
]
+
β4γ4tot
16|z|4
〈σ+(t)σ+(t+ τ)σ−(t+ τ)σ−(t)〉ss
|Ω|4 .
Using the master equation (14) and the quantum
fluctuation-regression theorem [SM1], we can calculate
all the TLE expectation values and the two-time corre-
lation functions appearing in Eq. (19) and thereby ob-
tain G
(2)
λλ′(τ). Then, normalizing by the intensity Iλ in
Eq. (16), we get the photon-correlation function g
(2)
λλ′(τ)
using Eq. (17). This calculation is valid for general driv-
ing strength Ω, laser frequency ω, Fano resonance ξ, and
9white noise dephasing rate γd. In the next Sec. I.D, we
show how to include other imperfections to this result
and thereby obtain the final expression for g
(2)
λλ′(τ) that
we use to fit our measurements [cf. Sec.I.E].
I.D.- Spectral diffusion, finite instrument response
function, and background noise
In this section, we show how to include the final three
imperfections we observe in our experiment: spectral dif-
fusion due to a slow frequency drift of the QD, instrument
response function (IRF), due to a finite time window of
the SPDs, background noise on the waveguide channels.
First, we consider the spectral diffusion effect, which
we model by averaging the intensity It and the correla-
tion functions g
(2)
λλ′(ω, τ) with a Gaussian distribution of
deviations ∆ from the average QD resonance frequency
ω0. Since this effect can be manifested differently de-
pending on the time scales of the measurements, we use
two different standard deviations: σshort for Iλ(ω) mea-
surements whose acquisition time is on order of a minute,
and σlong for the photon-correlation measurements g
(2)
λλ′
as their acquisition time is on order of hours. Applying
this averaging to the intensity and second-order correla-
tion functions, we obtain
I¯λ =
∫
d∆PSDσshort(∆)Iλ(ω −∆), (20)
g¯
(2)
λλ′(ω, τ) =
∫
d∆PSDσlong (∆)G
(2)
λλ′(ω −∆, τ)∫
d∆PSDσlong (∆)Iλ(ω −∆)Iλ′(ω −∆)
, (21)
where the Gaussian distribution is defined as
PSDσ (∆) =
1√
2piσ2
e−
∆2
2σ2 , (22)
with σlong and σshort corresponding to the long and short
timescales for spectral diffusion.
The second imperfection is the IRF. Due to the fi-
nite response window of our SPDs, the observed linshape
will be broader than predicted by g¯
(2)
λλ′(ω, τ). We model
this extra broadening observed in experiments by convo-
luting the g¯
(2)
λλ′(ω, τ) with another Gaussian distribution
P IRF (τ ′) describing the IRF. Similarly to the spectral
diffusion, we obtain
g˜
(2)
λλ′(ω, τ) =
∫
dτ ′PIRF (τ ′ − τ)g¯(2)λλ′(ω, τ ′). (23)
Here, the Gaussian distribution of time delays
PIRF (τ
′) =
1√
2piσ2IRF
e
− τ′2
2σ2
IRF , (24)
has a standard deviation of σIRF = 200 ps, which was
determined independently.
Finally, we also consider the possibility for background
noise Bλλ′ appearing on the different channels λ, λ
′ =
t, r, and which modify the measured second-order corre-
lation functions as
gˆ
(2)
λλ′(τ) =
(1−Bλλ′)G(2)λλ′(τ) +Bλλ′ × 1
(1−Bλλ′)IλIλ′ +Bλλ′ × 1 . (25)
This background will only appear in gˆ
(2)
rr (τ). It originates
from imperfect extinction of the incoming laser light.
I.E.- Extraction of parameters and errors
In this section, we numerically calculate our full theo-
retical predictions for intensity and correlation functions
including all the imperfections discussed above, and we
fit them to our experimental data of It and g
(2)
λλ′(ω, τ),
shown in Fig. 2 and Fig. 4.(a) of the main text, as well
as in Fig. 5 of this SM. From this analysis we extract all
the relevant system parameters of our setup, which are
displayed in Table I.
Before performing the fits, we independently measure
the total radiative decay rate γtot of the QD. To do so,
we first send a 9-ps laser pulse via the waveguide and
on resonance with the QD. The time of emission of the
photons is aquired with a 20-ps jitter avalanche photo-
diode (APD), registered with a time tagger, and finally
fitted with a single exponential decay convoluted with
the IRF of the APD. This results in a fitted lifetime
of 131 ps, corresponding to a total QD decay rate of
γtot/2pi = (γwg + γl)/2pi = 1.22 GHz. This measurement
results are shown in the inset of Fig. 2(a).
In addition, we probe the behavior of the transmitted
intensity of the QD as a function of laser power, which
displays the characteristic saturation curve as a func-
tion of the mean photon number per lifetime n = 2 Ω
2
γ2tot
.
[cf. Fig. 5]. We use these measurements, in addition
to the second-order correlation measurements g
(2)
λλ′(ω, τ),
shown in Fig. 2 and Fig. 4.(a) of the main text, to fit
the full theoretical model and thereby extract the exper-
imental parameters describing the system. Since γtot is
independently measured, from this analysis we obtain the
Fano parameter ξ, the loss factor µ of the setup relating
the input measured laser power to the Rabi frequency
in the waveguide mode Ω (Ω =
√
µP ), the background
noise coefficients Bλλ′ , the spectral diffusion standard
deviations σshort, σlong, the coupling efficiency β, and
the white noise dehasing γd. All these experimentally
extracted parameters and the confidence interval is pre-
sented in Table I.
The resulting fits can be seen on Figs. 2(a) and (b),
Fig. 4(a), and Fig. 5. To estimate the error on the fitted
parameters we apply the following method. We first fix
all parameters except one, we vary that parameter, and
evaluate the evolution of the overall error between the
10
TABLE I. Parameters extracted from fitting the experimental
data sets and their confidence intervals.
Parameter Value Confidence Interval
β 0.86 [0.79, 0.93]
γd ' 0ns−1 [0, 0.29]
σshort 340MHz [130, 510]
σlong 670MHz [590, 785]
ξ −0.26 [−0.3,−0.22]
µ 0.11 [0.07, 0.17]
BRR 0.07 [0, 0.2]
FIG. 5. (a)Measurement of the transmission intensity It as a
function of laser frequency ω for different input powers. The
actual measurements are shown in blue, while the theoretical
prediction for the extracted system parameters is shown in
red. (b) Saturation curve and the corresponding fit of It as
a function of laser power (lower horizontal axis) and as a
function of mean photon number per lifetime n = 2 Ω
2
γ2tot
.
fits and the experimental data. We fix our confidence
interval of this parameter to an increase of 5% of the
total error.
In Fig. 6, we display predictions for g
(2)
tt (τ) (blue),
g
(2)
rr (τ) (red), and g
(2)
tr (τ) (green), that our system can
have in the future if we correct certain imperfections dis-
cussed above. In particular, the dashed lines correspond
to the case where the laser background and finite time
resolution of the detectors is corrected, and the solid lines
correspond to the case where in addition, spectral dif-
fusion is also corrected. This shows the highly coherent
quantum behaviour that our system can show in the near
future.
FIG. 6. Second-order correlation functions g
(2)
tt (τ) (blue),
g
(2)
rr (τ) (red), and g
(2)
tr (τ) (green), predicted for our system
after correcting the laser background and finite time resolu-
tion of the detectors (dashed lines), and additionally in the
absence of spectral diffusion (solid lines)
I.F.- The waveguide sample and laser setup
In order to collect both the reflected and transmitted
light we implement a special setup where the incoming
laser light is coupled to the photonic crystal waveguide
through the nanobeam waveguide section connecting the
PhCW to the reflection grating, as depicted in Fig. 7.
We align the incident laser beam in such a way that it is
focused relatively far from the reflection-grating coupler
and at an angle with respect to the surface of the sam-
ple. The incoming laser light is additionally sent in with
a polarization orthogonal to the one optimal for the grat-
ing coupler to ensure a higher extinction. By optimizing
the alignment and the polarization, we obtain a resulting
extinction of ' 20 between the laser and the reflected col-
lected light. This finite extinction is taken into account
in the fitting of the parameters as an additional back-
ground. The extinction is highly limited by the setup
and the alignment scheme used in the experiment, but
it could be drastically increased by an improved design
of the waveguide. For example, a third grating coupler
could be connected to the PhCW by adding a Y-splitter
between the PhCW and the reflection grating. This new
geometry would results in a better spatial separation be-
tween the excitation and collection of the reflected signal.
II.- DERIVATION OF FEW-PHOTON
SCATTERING MATRICES AND
RECONSTRUCTION RELATIONS
In this section, we derive the reconstruction relations
shown in the main text and experimentally implemented
in this work. In Sec. II.A we first give the standard
definitions of single- and two-photon scattering matri-
ces. In Sec. II.B, we recall details on the single-photon
reconstruction published in Ref. [SM2] and experimen-
tally implemented in this work. In Sec. II.C, we show
the derivation of the two-photon scattering matrix re-
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FIG. 7. SEM picture of the waveguide and configuration and
polarizations of the excitation (Ein) and collection (Et and
Er) beams.
construction formulas, and finally in Sec. II.D we show
the theoretically predicted two-photon correlations that
we experimentally verify in this work.
II.A.- Definition of single- and two-photon
scattering matrices
In the input-output formalism, the single- and two-
photon scattering matrices read [SM4],
Sλν1ω1 = 〈g|〈0|aλout(ν1)atin†(ω1)|0〉|g〉, (26)
Sλλ
′
ν1ν2ω1ω2 = 〈g|〈0|aλout(ν1)aλ
′
out(ν2)a
t
in
†(ω1)atin
†(ω2)|0〉|g〉,
(27)
which describe the probability amplitude that input
photons with frequencies ω1, ω2 propagating along the
waveguide in the transmission direction are scattered into
output photons with frequencies ν1, ν2 and propagation
directions λ, λ′ = t, r. The input and output operators in
the frequency domain are related to the ones in Eq. (11)
by a standard Fourier transform, i.e.
aµin/out(ω) =
1√
2pi
∫
dteiωtaµin/out(t). (28)
The scattering matrix U relates the asymptotic input
and output states as
|Ψout〉 = U |Ψin〉, (29)
or alternatively, the input and output operators as
aλout(ω) = U
†aλin(ω)U, (30)
and therefore Eqs. (26)-(27) can also be written only in
terms of input operators as
Sλν1ω1 = 〈g|〈0|aλin(ν1)Uatin†(ω1)|0〉|g〉, (31)
Sλλ
′
ν1ν2ω1ω2 = 〈g|〈0|aλin(ν1)aλ
′
in (ν2)Ua
t
in
†(ω1)atin
†(ω2)|0〉|g〉,
(32)
where we have assumed U |0〉 = |0〉, i.e. that photons
cannot be created from vacuum.
Finally, using the conservation of energy and the
isotropy of the light-matter interaction, one can show
that the scattering matrices can be finally recast as [SM4]
Sλνω = χ
λ
ωδ(ν − ω), (33)
Sλλ
′
ν1ν2ω1ω2 = χ
λ
ν1χ
λ′
ν2 (δ(ν1 − ω1)δ(ν2 − ω2) + [ω1 ↔ ω2])
+ Tν1ν2ω1ω2δ(ν1 + ν2 − ω1 − ω2), (34)
where χλω are the single-photon transmission (χ
t
ω = tω)
and reflection (χrω = rω) coefficients and Tν1ν2ω1ω2 the in-
trinsic two-photon correlation term. In the following, our
task is to relate these quantities to the measurements of
intensity Iλ and photon correlations g
(2)
λλ′ discussed above
in Sec. I.
II.B.- Single-photon reconstruction formulas
Using the definition of the single-photon scattering ma-
trix in Eqs. (26) and (33), the input-output relation (11)
and the Langevin equations (9)-(10), we can show using
the standard procedure [SM4] that transmission and re-
flection coefficients of a TLE with correlated dephasing
noise and in the presence of Fano resonance read,
tω = z
(
1− zβ|z|2Gω
)
, (35)
rω = tω − 1. (36)
Here, Gω is the Laplace transform of the Ram-
sey dephasing function Cφ(t), namely Gω =
(γtot/2)
∫∞
0
dte−(γtot/2−i[ω−ω0])tCφ(t) [cf. Ref. SM2].
For instance, in the case of white noise dephasing that
we consider in our experiment, we have Cφ(t) = e
−γdt,
and therefore
Gω =
γtot/2
γtot/2 + γd − i(ω − ω0) . (37)
From Eqs. (35)-(36), we see that determining the
single-photon transmission and reflection coefficients is
reduced to experimentally determining Gω. To do so,
we follow the procedure in Ref. [SM2] and experimen-
tally extract this quantity from the intensity transmission
measurements It(ω). This requires measuring It with an
attenuated laser power, so that the photon flux satisfies
|α|2/γtot  1, or alternatively, |Ω|2/γ2tot  1. In this
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case, it is shown in Ref. [SM2] that steady state coher-
ence of the TLE can be related to the Gω function we
want as
〈σ−〉ss
Ω
=
Gω
γtot/2
+O (|α|2/γtot) . (38)
Using Eq. (38) into the full expression for It(ω) in
Eq. (16), we find the transmission intensity can be con-
veniently expressed as
It =
〈atout†atout〉ss
|α|2|z|2 = 1 + Re{RGω}+O
( |α|2
γtot
)
,(39)
where the dimensionless complex coefficient R reads
R =
β
|z|2 (β − 2z). (40)
Notice that expression (39) is valid even in the pres-
ence of correlated depashing noise [SM2], and it states
that the measurement of It(ω) gives enough informa-
tion to experimentally obtain the real part of RGω.
Since RGω is an analytic function of ω, we can infer
its imaginary part from the Kramers-Kronig relation,
Im[RGω] =
1
piP
∫
dω′Re[RGω]ω−ω′ , and therefore we obtain
Gω as
Gω =
Re[RGω] + Im[RGω]
R
(41)
Notice that in this method, β and z have to be known,
and we obtain these parameters from the fit discussed in
Sec. I.E. Finally, using the experimental form ofGω in the
expressions (35) and (36), we obtain the reconstructed tω
and rω that we plot in Fig. 3 of the main text.
II.C.- Two-photon reconstruction formulas
To derive the two-photon reconstruction formulas, we
follow the main idea of Ref. [SM5] and consider an at-
tenuated coherent state in the limit of low excitation
power, i.e. much less than one photon interacting with
the QD per lifetime (|α|2  γtot). In this case, we can ex-
pand the coherent state input in a superposition of zero,
one, two, and more photons as
|Ψ(α)in 〉 = |0〉+ α|Ψ(1)in 〉+
α2√
2
|Ψ(2)in 〉+O(α3). (42)
Here, the single-photon |Ψ(1)in 〉 and two-photon |Ψ(2)in 〉 in-
put wavepackets read
|Ψ(1)in 〉 =
∫
dωfω¯(ω)a
t
in
†(ω)|0〉, (43)
|Ψ(2)in 〉 =
∫∫
dω1dω2√
2
fω¯(ω1)fω¯(ω2)a
t
in
†(ω1)atin
†(ω2)|0〉,
(44)
where fω¯(ω) is the wavepacket shape centered at ω¯, and
|1λω〉 = aλin†(ω)|0〉 denotes the Fock state of a photon of
frequency ω and propagation direction λ = t, r along the
waveguide.
Following Eq. (29), we apply the scattering matrix
U on the input states (43) and (44), and obtain the
single-photon |Ψ(1)out〉 = U |Ψ(1)in 〉 and two-photon |Ψ(2)out〉 =
U |Ψ(2)in 〉 output states, which read
|Ψ(1)out〉 =
∑
λ=t,r
∫∫
dνdωfω¯(ω)S
λ
νωa
λ
in
†(ν)|0〉, (45)
|Ψ(1)out〉 =
∑
λλ′=t,r
∫∫
dν1dν2
2
√
2
∫∫
dω1dω2fω¯(ω1)fω¯(ω2)
× Sλλ′ν1ν2ω1ω2aλin†(ν1)aλ
′
in
†(ν2)|0〉. (46)
By replacing Eqs. (33) and (34) in Eqs. (45) and (46),
respectively, we obtain the output states stated in the
main text.
On the other hand, if we use the input state (42) in
the definition of the intensity (15) and second-order cor-
relation (17), we can conveniently express them as
Iλ(ω) = |ψ(1)λ (t)|2/|z|2 +O
(|α|2/γtot) , (47)
g
(2)
λλ′(t, t+ τ) =
∣∣ψ(2)λλ′(t, t+ τ)∣∣2
2
∣∣ψ(1)λ (t)∣∣2∣∣ψ(1)λ′ (t+ τ)∣∣2 +O
(|α|2/γtot) ,
(48)
where ψ
(1)
λ (t) = (2pi)
−1/2 ∫ dνe−iνt〈0|aλin(ν)|Ψ(1)out〉
is the single-photon wavefunction projected on
time t and direction λ, and ψ
(2)
λλ′(t, t + τ) =
(2pi)−1
∫∫
dνdν′e−i(νt+ν
′[t+τ ])〈0|aλin(ν)aλ
′
in (ν
′)|Ψ(2)out〉
is the two-photon wavefunction projected on times t and
t+ τ , and directions λ, λ′ = t, r.
We can explicitly calculate the single- and two-photon
wavefunctions by using Eqs. (45)-(46) and Eqs. (33)-(34),
obtaining
ψ
(1)
λ (t) =
1√
2pi
∫
dωe−iωtfω¯(ω)χλω, (49)
ψ
(2)
λλ′(t, t+ τ) =
∫∫
dω1dω2√
2pi
fω¯(ω1)fω¯(ω2)e
−i(ω1+ω2)(t+ τ2 )
×
{
e
i
2 (ω1−ω2)τχλω1χ
λ′
ω2 + T
(
ω1 + ω2
2
, τ
)}
.
(50)
Here, we have defined T (ω, τ) as the Fourier transformed
two-photon scattering coefficient and given explicitly as
T (ω, τ) = 1
2
∫
d∆e−i∆τTω−∆,ω+∆,ω,ω. (51)
Notice that Eqs. (49) and (50) are valid for any
wavepacket shape of the input coherent state. In the
case of a monochromatic input, the wavepacket profile
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takes the simple form fω(ω
′) =
√
2piδ(ω′−ω) [SM6], and
the single- and two-photon wavefunctions read
ψ
(1)
λ (t) = e
−iωtχλω, (52)
ψ
(2)
λλ′(t, t+ τ) =
√
2e−iω(2t+τ){χλωχλ
′
ω + T (ω, τ)}. (53)
Replacing Eqs. (52) and (53) into Eq. (48), the second-
order photo-correlation function reads
g
(2)
λλ′(τ) =
|χλωχλ
′
ω + T (ω, τ)|2
|χλωχλ′ω |2
+O
( |α|2
γtot
)
, (54)
and this is Eq. (5) of the main text. Finally, if we ex-
pand the square in the numerator of Eq. (54), one can
straightforwardly show that the combination in Eq. (7)
of the main text solves for the correlated part of the scat-
tering : T (ω, τ).
Since the function Tν1ν2ω1ω2 is analytical for a two-
level system, we can use a Kramers-Kronig relation to
obtain the imaginary part from the experimentally re-
constructed real part. Namely,
Im[T (ω, τ)] = 1piP
∫
dω′Re[T (ω
′,τ)]
ω−ω′ . (55)
Therefore, to reconstruct the full T (ω, τ), one needs to
acquire g
(2)
λλ′ in the three different configurations, for a
set of different input frequencies. If we also sample over
different time delays, we can finally obtain the intrinsic
two-photon correlations by inverse Fourier transform as
Tω−∆,ω+∆,ω,ω = 1pi
∫
dτei∆τT (ω, τ).
II.D.- Prediction for two-photon correlations in the
presence of experimental imperfections
In Eq. (3) of the main text we showed the prediction of
the two-photon correlations in the case of an ideally co-
herent TLE with coupling efficiency β [SM4]. As we have
shown in Sec. I of this SM, in our experiment there is in
addition Fano resonance, white noise dephasing, spectral
diffusion, and instrument response function, which will
modify this prediction. Therefore, in this subsection we
derive the theoretical prediction for the two-photon cor-
relation functions in the presence of the imperfections,
and which we use in Fig. 4(b) to verify our experimental
reconstruction.
First, we calculate the two-photon scattering ma-
trix (27) using the standard input-ouput theory method
[SM4] and the quantum Langevin equations (9)-(10),
which incorporate the effects of Fano resonance z and
white noise dephasing γd. We find,
Tν1ν2ω1ω2 = −
4β2
piγtot
z4
|z|4
Gν1Gν2Gω1Gω2
G(ω1+ω2)/2
, (56)
where the function Gω is the one appearing in the single-
photon scattering expression in Eq. (37).
Since our method uses a monochromatic input laser
with frequency ω, and the TLE conserves the total en-
ergy, our method is only sensitive to reconstruct the
Tω−∆,ω+∆,ω,ω sector of the two-photon nonlinearity. Us-
ing the explicit form of Gω in Eq. (37), we find
Tω−∆,ω+∆,ω,ω = − 4β
2
piγtot
z4
|z|4
[
G3ω
1 + (2Gω∆/γtot)2
]
.
(57)
From Tω−∆,ω+∆,ω,ω is Eq. (57), we can calculate its
Fourier transform using Eq. (51), obtaining
T (ω, τ) = −β2 z
4
|z|4G
2
ωe
−(γtot/2+γd−i[ω−ω0])|τ | (58)
Finally, to account for spectral diffusion and IRF, we
average the above prediction over the same distributions
discussed in Sec. I.D, obtaining
T¯ (ω, τ) =
∫
d∆
∫
dτ ′PSDσlong (∆)PIRF (τ
′−τ)T (ω−∆, τ ′),
(59)
with PSDσlong (∆) and PIRF (τ
′) given in Eqs. (22) and (24),
respectively. The real part of this expression T¯ (ω, τ),
wich includes all experimental imperfections, is the quan-
tity that we verify in Fig. 4(b) when comparing it to the
experimentally reconstructed two-photon correlations.
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